Identifying trajectories of early white matter development is important for understanding atypical brain development and impaired functional outcomes in children born very preterm (<32 weeks gestational age [GA]). In this study, 161 diffusion images were acquired in children born very preterm (median GA: 29 weeks) shortly following birth (75), term-equivalent (39), 2 years (18), and 4 years of age (29). Diffusion tensors were computed to obtain measures of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), which were aligned and averaged. A paediatric atlas was applied to obtain diffusion metrics within 12 white matter tracts. Developmental trajectories across time points demonstrated age-related changes which plateaued between term-equivalent and 2 years of age in the majority of posterior tracts and between 2 and 4 years of age in anterior tracts. Between preterm and term-equivalent scans, FA rates of change were slower in anterior than posterior tracts. Partial least squares analyses revealed associations between slower MD and RD rates of change within the external and internal capsule with lower intelligence quotients and language scores at 4 years of age. These results uniquely demonstrate early white matter development and its linkage to cognitive functions.
Introduction
Beginning early in the fetal period, brain maturation results from a dynamic interplay between preprogrammed biological and environmentally determined processes. Critical periods of brain development, particularly within the second trimester of pregnancy through 2 years of age, establish foundational neuroanatomical structures that set the stage for future cognitive and behavioural functioning (Kostović and Vasung 2009; Kostović et al. 2014) . Cortical connectivity begins from 22 weeks gestational age (GA) in the sensory motor region and is not complete until 47 weeks GA (Marin-Padilla 1970) ; cortical myelination development starts after term age (Kostović and Vasung 2009 ). Brain development in children born very preterm (<32 weeks GA) can be impacted by the unexpected early ex utero environment as well as adverse circumstances, such as critical illnesses and brain injury. Disrupted neural connectivity in infants born preterm (Pandit et al. 2014) demonstates that white matter development is particularly vulnerable during periods of rapid myelination in utero and during early childhood.
Individual white matter tracts undergo differential and temporal changes in early development. Essential preliminary progressions of white matter maturation include synaptogenesis, apoptosis, axonal retraction, and synaptic pruning (Kostović and Jovanov-Milošević 2006) . Axons are then premyelinated by preoligodendrocytes, which are particularly sensitive to environmental changes such as preterm birth (Ferriero and Miller 2010) . Subsequently, myelination occurs in a region and function specific, asynchronous manner. Earlier and faster rates of myelination occur in sensory versus motor pathways, proximal versus distal pathways, projection versus association fibres, central versus polar regions, occipital pole versus posterior parietal regions, and temporal versus frontal poles (Kinney et al. 1988; Qiu et al. 2015) . These time-dependent occurrences can be affected by very preterm birth, thus implicating white matter development and long-term outcomes of this population.
Diffusion imaging is invaluable for quantifying early white matter development. Diffusion tensor imaging (DTI) is a method for modelling the diffusion data, allowing for the computation of diffusion metrics including fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Examining the various measures of diffusivity, such as AD and RD, are informative for understanding FA (Song et al. 2003) . These measures can reflect early morphological changes in white matter and provide information of varying white matter tract properties such as water content, fibre qualities, premyelination, and myelination stages (Dubois et al. 2006) . Dramatic age-related increases in FA and decreases in diffusivity are seen following birth in typically developing children (Hermoye et al. 2006 ). This growth is exponential, where rapid change occurs within 2 years of life and plateaus thereafter (Deoni et al. 2012; Sadeghi et al. 2013; Dean et al. 2014) . From 29 weeks GA to 2 years of age, white matter volume increases from 50 to 218 cm 3 on average (Kuklisova-Murgasova et al. 2011 ).
The majority of diffusion studies in children born very preterm are cross-sectional, completed at term-equivalent age or later childhood and adolescence. Only a few longitudinal studies have investigated the preterm period (Partridge et al. 2004; Kersbergen et al. 2014; Akazawa et al. 2016) . White matter development is consistently found to be altered in children born very preterm compared with those born full-term, such that their grey and white matter lack differentiation and myelination (Huppi et al. 1996; Mewes et al. 2006; Li et al. 2015) . Prematurity contributes to widespread and long-term reductions of FA throughout the cerebrum, including the corpus callosum (CC), internal and external capsule (EC) and frontal white matter regions (Rose et al. 2008) . Reduced FA in the posterior limb of the internal capsule (PLIC) at term-equivalent age is associated with psychomotor delay and cerebral palsy at 1 and 2 years of age (De Bruïne et al. 2013; Shim et al. 2014; Roze et al. 2015) . Furthermore, measures of FA in regions such as the CC, frontothalamic/striatal tracts and PLIC are associated with cognitive function in childhood and adolescence (Counsell et al. 2008; Feldman et al. 2012; Duerden et al. 2013; Ullman et al. 2015) . Longitudinal information of white matter maturation from birth through childhood is critical to understanding the trajectories of its development and implications with outcomes.
In the present longitudinal study, our primary aim was to utilize DTI to quantify and characterize the maturation of twelve different white matter tracts at 4 time points beginning from very preterm birth through 4 years of age. We also investigated the impact of GA, sex, and brain injury on the development of these tracts. Maturational differences between tracts and hemispheres were also examined. In addition, we tested the important relation between changes in DTI metrics during the preterm period with developmental outcomes at 4 years of age to determine the association of early white matter maturation with long-term cognitive, language and motor ability in children born very preterm.
Materials and Methods

Participants
As a part of a longitudinal study, 105 very preterm born neonates (median age at birth in weeks: 28.6 weeks; range: 24.43-32.86 weeks; 55 males and 50 females) were recruited from the neonatal intensive care unit at the Hospital for Sick Children in Toronto. Neonates with any known chromosomal or major congenital abnormalities were not recruited into the study. All families signed an informed consent agreeing to MRI scans, access to medical records and to follow-up neuropsychological assessments. The study protocol was approved by the Hospital for Sick Children research ethics board.
MRI Acquisition
Each very preterm neonate underwent an MRI scan within 2 weeks of birth, and up to 3 longitudinal scans at termequivalent, 2 years and 4 years of age. Following the first scan, 5 neonates passed away before term-equivalent age. Neonates (shortly after birth and term-equivalent age) were scanned while swaddled under natural sleep. At 2 years of age, a mild sedative of chloral-hydrate was administered by a qualified nurse to help with the scan acquisition. At 4 years of age, all MRI scans were acquired awake while watching a movie or during natural sleep in the evening. Refer to Table 1 for complete scan protocols.
All images were inspected for gross motion artefacts and anatomical abnormalities. As the diffusion sequence is susceptible to motion and the noise of the DTI sequences often woke up the sleeping infants, many scans were not useable. Those with useable diffusion scans included 75 babies shortly following birth, 39 babies at term-equivalent age, 18 children at 2 years of age, and 29 children at 4 years of age. A flow chart with the samples at each time point are provided in Supplementary Fig. 1 . Attrition occurred following the initial MRI scan for a number of reasons such as inability to continue participation and loss of contact. The sedation procedure at 2 years of age was deterring for some families; thus, more scans were acquired at the 4-year follow-up.
DTI Processing
The diffusion data were preprocessed, which involved the alignment of all volumes to a reference volume using FSL tools (Jenkinson et al. 2012 ) as well as b-vector realignment using custom scripts. Following visual inspection, volumes corrupted with motion were excluded from an individual's dataset. Up to 5 volumes of the 15-direction sequence and up to 30 volumes of the 60-direction sequence were excluded. Data from infants whose diffusion data exceeded these numbers were excluded. The RESTORE algorithm (Chang et al. 2005 ) was subsequently applied to calculate diffusion tensors while excluding outliers on a voxelwise basis. DTI metrics (FA, MD, AD, and RD) were extracted from this model. At each time point, FA images were coregistered using MICE-build-model (https://wiki. mouseimaging.ca/ display/MICePub/MICe-build-model; Lerch et al. 2011 ), a software for groupwise nonlinear registration of 3D images, creating an FA template for each time point. Similarly, a template using T2-weighted images for preterm and term-equivalent scans and T1-weighted images for 2-and 4-year scans were created. Nonlinear transformations were computed between adjacent time points to allow registration of the JHU-neonate-SS white matter atlas (Oishi et al. 2011) to each age group. In addition, the FA template of each time point was registered to its corresponding T1 and T2 template. Through these transformations, the JHU neonate atlas was applied to each FA template.
Tract-based spatial statistics (TBSS) tools were used to derive a white matter skeleton from the mean FA image at each time point (Smith et al. 2006) . At the preterm and term time points, a threshold of FA > 0.2 was used as images at these time points have lower FA measures than the later time points. At 2 and 4 years of age, a threshold of FA > 0.25 was used. The thresholded FA skeleton was also applied to MD, AD and RD images. Average FA values within major white matter tracts of the JHU-neonate-SS white matter atlas (after applying the FA skeleton) were extracted at each time point as shown in Figure 1 . DTI measures for twelve white matter tracts were extracted, including the CC, anterior limb of the internal capsule (ALIC), PLIC, retrolenticular portion of the internal capsule (RIC), anterior corona radiata (ACR), superior corona radiata (SCR), posterior corona radiata (PCR), EC, posterior thalamic radiation (PTR), superior longitudinal fasciculus (SLF), superior fronto-occipital fasciculus (SFOF), and inferior fronto-occipital fasciculus (IFOF). In the preterm period, DTI metrics for only 9 tracts were obtained as measures in the SLF, SFOF, and IFOF were not reliable enough until term-equivalent age. Developmental changes of each DTI metric across 4 years of life are plotted in Figure 2 .
Assessment of Brain Injury
Two paediatric neuroradiologists (M.M.S. and C.R.) evaluated the clinical images of each neonate's structural T1-and T2-weighted neuroanatomical images independently. Images were evaluated for the presence and grade of intraventricular/germinal matrix hemorrhage (IVH/GMH). In the present study, GMH1/ IVH1 is defined as haemorrhage limited to the germinal matrix, GMH2/IVH2 includes an intraventricular haemorrhagic Collected sample  105  70  26  43 component, GMH3/IVH3 additionally includes ventriculomegaly, and GMH4/PVHI is characterized by periventricular venous haemorrhagic infarction associated with IVH (Raybaud et al. 2013) . White matter injury (WMI) was graded as mild to moderate (T1 signal abnormalities in 3 or fewer areas), and severe (T1 signal abnormalities in >5% of hemisphere) levels of injury (Miller et al. 2003) .
Neuropsychological Assessments
Neuropsychological assessments were performed at 4 years of age. For each assessment, raw scores were converted into standardized scores with a population mean of 100 (50th percentile of typical development) and a standard deviation of 15.
Intelligence quotients (IQ) were determined by the Wechsler Preschool and Primary Scales of Intelligence-Third Edition (WPPSI-III) (Wechsler 2002 ) using Canadian norms. Three different indices of cognitive abilities were obtained: verbal IQ (VIQ), performance IQ (PIQ), and full scale IQ (FSIQ). Overall language ability measuring receptive and expressive language yielding a core language (CL) summary score was determined by the Clinical Evaluation of Language Fundamentals-Preschool, Second Edition (CELF-Pre-2) (Semel et al. 2004 ). Visual-motor integration (VMI) ability and supplemental tests of visual perception and motor coordination were assessed by the BeeryBuktenica Test of Visual Motor Integration (Beery et al. 2010 ).
Statistical Analyses
Developmental Trends
Longitudinal trajectories of FA were modeled for 9 white matter tracts using nonlinear mixed effects models. This approach incorporated an exponential growth function and accounted for the longitudinal structure of the data containing some incomplete data across all 4 time-points. Four terms were included in the exponential model such that t represents scan age in weeks, x 0 represents the intercept of the FA axis at t = 0, x 1 represents the asymptote towards which FA rises, and x 2 represents the growth rate of the exponential function. The model is as follows:~+
Using this equation, the nonlinear mixed effects model treated x 2 and subject as a random factor as well as x 0 , x 1 , and x 2 as fixed factors. Time in weeks were calculated for the time at which each tract reached 90% of the difference between FA at term-equivalent age (40 weeks) and the asymptote for each tract. Subsequent linear mixed effects models were used to investigate the developmental changes of each DTI measure with scan age between adjacent time points for each tract, bilaterally. A total of 3 time windows were tested (preterm through term-equivalent age, term-equivalent through 2 years of age, and 2 through 4 years of age). Measures of FA, MD, AD, and RD within the left and right hemispheres across each time window were dependent measures and scan age was an independent measure. The equation for this model is as follows: tract~scan age + subject where scan age is a continuous variable and subject is a random factor. The resulting slopes were used to compare bilateral growth in each time window. To determine the associations of GA, sex, WMI, and left/right IVH/GMH with FA across time, the same analyses were performed with the inclusion of these variables in the model. The formula for this model is as follows: tract~scan age + GA + sex + WMI + GMH + subject. All P values were adjusted for multiple comparisons using false discovery rate (FDR) (Benjamini and Hochberg 1995) .
The Wilcoxon signed rank test (Maritz 1985) , a nonparametric test comparing pairwise differences in mean ranks was performed to test for differences between tracts and hemispheres. Changes in FA per week within tracts were calculated only for individuals with longitudinal scans between adjacent time points. All P values of pairwise tests also underwent FDR adjustment for multiple comparisons, with a corrected significance level of P < 0.05.
Associations with Neuropsychological Outcomes
Between preterm and term-equivalent ages, the rate of change in FA, MD, AD, and RD were calculated for each tract using the difference in DTI values divided by the time interval between scans. Multivariate partial least squares (PLS) analyses were used to compute associations between these slopes and neuropsychological outcomes at 4 years of age. Separate PLS analyses were performed for each DTI metric including data from 9 white matter tracts measurable in the preterm period and 3 main outcome measures. The outcome measures include the composite scores of the neuropsychological assessments: FSIQ, CL, and VMI scores. A total of 8 analyses were performed for the left and right hemispheres separately.
A correlation matrix was then calculated between each X (DTI metrics) and Y (outcome measures) matrix, which underwent singular value decomposition to produce components explaining the maximum amount of correlation between the matrices. The amount of variance explained by each component was found by calculating the ratio of a squared singular value (eigenvalue) to the sum of all squared singular values; eigenvalues greater than one were considered significant components. Bootstrapping, sampling with replacement, was performed 5000 times to create a sampling distribution under the null hypothesis that there is no association between predictor and outcome measures. To estimate statistical reliability of the contribution of each variable to the overall pattern, a bootstrap ratio (corresponding to a Z-score) was calculated (McIntosh and Mišić, 2013) . Significance was determined by |Z| > 2.58, corresponding to P < 0.01.
To visualize the patterns of associations between DTI metrics and outcomes, the first components of the significant PLS analyses were plotted. Each plot depicts significant contributions of the X variables to the pattern of dependent measures. The 95% prediction intervals are also included, representing 95% of data found from 5000 bootstraps. All statistical analyses were performed using MATLAB (Mathworks Inc., Natick, MA) and R software.
Results
Participant Characteristics
At each time point, the mean GA at birth did not differ between the subsets of the very preterm cohort (75 shortly following birth, 39 at term, 18 at 2 years, and 29 at 4 years) whose DTI data were included in the present study. Refer to Table 2 for the participant characteristics included at each time point.
Developmental Trends
Longitudinal development of FA was modelled for 9 white matter tracts with measures at all 4-time points beginning after preterm birth through 4 years of age using the nonlinear mixed effects model and exponential growth function. These tracts included the corpus callosum, external capsule, posterior thalamic radiation, and all subregions of the internal capsule and corona radiata. Tracts such as the superior longitudinal fasciculus and the inferior and superior fronto-occipital fasciculus were quantified beginning at term-equivalent age due to later maturation of these tracts and the inability to reliably quantify them at the preterm time point. In Table 3 , the weeks in which each tract reached 90% of its maturation between termequivalent and its growth peak indicates different maturational trajectories. Regions such as the posterior corona radiata and posterior limb of the internal capsule began to peak after 6 months of life while regions such as the anterior corona radiata, ALIC, and corpus callosum had the most protracted peak development occurring after 2 years of age as shown in Figure 3A ,B.
Preterm to Term-Equivalent Age
Within the first month of life, 9 of 12 white matter tracts were examined again using the linear mixed effects model. Similar to the longitudinal model of all 4 time points, the corpus callosum, external capsule, posterior thalamic radiation, and subregions of the internal capsule and corona radiata were examined. As shown in Figure 2 , the corpus callosum and posterior limb of the internal capsule exhibited the highest FA values following birth while the external capsule and anterior corona radiata had the lowest FA values.
The majority of the tracts demonstrated bilaterally significant (P < 0.05 adjusted) age-related changes (increases in FA and decreases in MD, RD, and AD for all tracts except the corpus callosum) between preterm and term-equivalent age as shown in time point one of Supplementary Table 1. The slopes were extracted for each of the tracts, to assess the change in the DTI metric with age. In Figure 4 , slopes of each tract are plotted to highlight the relative changes across tracts. After including the additional variables (GA, sex and injury), several white matter tracts demonstrated slower maturation of FA in the presence of WMI and IVH/GMH. Slower rates of FA change were found for those with WMI within the left posterior limb of the internal capsule (slope = −0.008, P = 0.037 adjusted) as well as the left and right retrolenticular portion of the internal capsule (slope = −0.090, P = 0.013; slope = −0.086, P = 0.014 adjusted). In addition, a slower rate of FA change was found for those with right-lateralized IVH/GMH in the right posterior thalamic radiation (slope = 0.093, P = 0.047 adjusted). No associations of GA or sex were found following multiple comparisons.
Rates of change were calculated from 29 infants with both preterm and term-equivalent scans and pairwise differences between tracts and hemispheres were tested with the Wilcoxon signed rank test. Posterior tracts developed more quickly than anterior tracts as shown in Figure 4 . For example, the rate of change of the anterior limb of the internal capsule was significantly slower than the posterior limb of the internal capsule, corona radiata, and thalamic radiation as well as the retrolenticular portion of the internal capsule (P < 0.05 adjusted). In addition, the rate of change of the corpus callosum was slower than all other tracts. Laterality differences were found in the posterior corona radiata, where the rate of FA change in the left hemisphere was slower than the right hemisphere. Significance values for all of the pairwise tests are provided in Supplementary Table 2 .
Term-Equivalent to 2 Years of Age
The time period from term-equivalent age through to 2 years of age demonstrated the greatest changes in DTI measures (Fig. 2) . Across all DTI measures and tracts, significant changes (increases in FA and decreases in MD, RD, and AD) were found between scan ages. Overall, 3 additional white matter tracts were able to be assessed between these 2 time points, the superior longitudinal fasciculus, the inferior and superior fronto-occipital fasciculus. No associations of GA, sex, WMI, or IVH/ GMH were found following multiple comparisons during this time period.
Pairwise differences between the rates of FA change across tracts and hemispheres were determined from 11 children with scans at both term-equivalent and 2 years age. In contrast to the preterm period, the rate of change of the anterior limb of the internal capsule demonstrated significantly faster increases of FA in comparison to the posterior limb of the internal capsule and retrolenticular portion of the internal capsule bilaterally. The rate of FA change was significantly faster in the corpus callosum compared with all other tracts. Furthermore, laterality differences were found in the posterior corona radiata where the left hemisphere developed significantly slower than the right hemisphere. Complete significance values are provided in Supplementary Table 3 . 
Two to Four Years of Age
The last time window studied revealed a distinct slowing and plateau of change within the DTI metrics (Figs 2 and 3 ). As shown in Supplementary Table 1, while the majority of tracts are still undergoing significant age-related changes (P < 0.05 FDR adjusted), this trend ceased for a number of tracts for the different DTI metrics, but particularly in FA changes, in the left hemisphere within the superior longitudinal fasciculus, superior and inferior fronto-occipital fasciculus, posterior thalamic radiation, as well as the external, posterior limb of the internal capsule, and retrolenticular portion of the internal capsule. Again, no associations of GA, sex, WMI, or IVH/GMH were found following multiple comparisons during this time period. Pairwise differences between tracts and hemispheres were performed for 9 children with longitudinal scans between 2 and 4 years of age. Laterality differences emerged during this time window where the left posterior limb of the internal capsule and retrolenticular portion of the internal capsule and superior corona radiata changed significantly slower than the right (Supplementary Table 4 ).
Associations with Neuropsychological Outcomes
Longitudinal diffusion scans between preterm and termequivalent age and 4-year neuropsychological assessments were acquired in 19 children (median GA: 29 weeks; 13 males).
Performance on neuropsychological measures indicated scores at average levels for the majority of the assessments, but with a wide range of ability. Average and standard deviation scores for outcome measures were 96.95(12.98) for FSIQ, 96.06(19.53) for CL, and 100.63(10.26) for VMI. Motor coordination scores were lower than average in our very preterm children compared with the general population, with average scores almost one standard deviation lower than the 50th percentile. A summary of the full measures are provided in Supplementary Table 5 .
The PLS analyses conducted between white matter tract growth across the preterm period and outcome measures revealed associations as shown in Table 4 and Figure 5A and B. Of the 8 PLS analyses, 3 analyses resulted in significant first components, all within the left hemisphere. One significant analysis included MD change measures and outcomes corresponding to an eigenvalue of 1.3057, accounting for 90.82% of the total variance. This pattern of association found that a slower rate of change in MD across preterm and term-equivalent age within the left regions of the internal and external capsule corresponded to lower FSIQ and lower CL scores as shown in Figure 5A . Another significant analysis included AD changes and outcomes corresponding to an eigenvalue of 1.356, accounting for 87.9% of the total variance. This pattern of association found that greater decreases in the rate of change in AD within the left posterior thalamic radiation corresponded to lower scores of FSIQ and language. Finally, the last significant analysis included RD changes and outcomes with an eigenvalue of 1.261, accounting for 90.45% of the total variance. This pattern of association found that slower rate of change in RD within the left regions of the internal and external capsule corresponded to lower scores of FSIQ (Fig. 5B) .
Discussion
The evolution of white matter during infancy and childhood in children born very preterm provides a unique opportunity to identify some of the early stages of maturation in the developing brain. In the present study, we provide in vivo evidence of biological changes in white matter beginning from the equivalent of the third trimester. We examined 3 stages of white matter development based upon our imaging time points and its impact on diffusion measures, which were predominantly characterized by tract-specific increases in FA and decreases of MD, AD, and RD. Additionally, we investigated a critical clinical concern regarding the potential impact of white matter development during the preterm period with long-term developmental outcomes in this high-risk population. Associations between MD and RD measures for tracts within the left-lateralized internal and external capsule were associated with intelligence and language outcomes.
Our methodology combining TBSS and validated atlas-based segmentation of the white matter in neonates was chosen to increase the reliability of our diffusion measures and allow us to analyze longitudinal changes in the diffusion measures (Oishi et al. 2011) . Extracting values from the center of each tract avoided partial volume sampling as much as possible, particularly at the youngest time points when myelination is only just starting. Measures of FA have been found to be the most sensitive for evaluating variances between white matter tracts of infants born very preterm as maturational changes of anisotropy are larger than the other diffusion measures (Partridge et al. 2004 ). Thus, we focused mostly upon changes in FA in the present study.
The changes in diffusion measures per week were most rapid between preterm and term compared with their maturation after term-equivalent age. This implies that in a given infant, typical in utero white matter development is more rapid than ex utero development (Qiu et al. 2015) . We found that the posterior limb of the internal capsule and retrolenticular portion of the internal capsule exhibited the fastest rates of change during the preterm period. Additionally, the posterior tracts demonstrated greater and faster rates of change than the more anterior tracts and corpus callosum (Figs 2−4 ). This supports a posterior to anterior gradient of development as well as faster development of projection tracts versus association tracts (Partridge et al. 2004; Kersbergen et al. 2014) . Measures of the tracts at term-equivalent age (Fig. 2) demonstrate previously documented hierarchies of regions: the highest FA values were found in the posterior limb of the internal capsule and corpus callosum and the lowest FA values in the anterior corona radiata and external capsule (Partridge et al. 2004; Nossin-Manor et al. 2013) . Reasons for high FA in the the posterior limb of the internal capsule and corpus callosum, however, are due to different factors; the posterior limb of the internal capsule has high FA due to beginning stages of myelination while the corpus callosum is made of parallel fibers only and has more densely packed unmyelinated microstructures anteriorly (Nossin-Manor et al. 2013) .
Our study provides novel information regarding longitudinal imaging between term-equivalent and 4 years of age in children born preterm, as the rates of change of FA varied by tract and age. For example, the anterior corona radiata and limb of the internal capsule matured more slowly relative to the others ( Figs  3 and 4) . In contrast, the rate of change of the external capsule remained relatively slow and stable throughout this 4-year period. In normative studies from birth through 4 years of age, similar patterns have been reported where the peripheral and association fibres develop later than the projection and commissural fibres, the dynamics of these changes being driven by reduced water content, fibre organization and myelination (Hermoye et al. 2006; Geng et al. 2012) .
The maturation of the CC differed from the other structures measured, as it exhibited the lowest rate of change during the preterm period, but the fastest thereafter (Fig. 4) . This dramatic switch from before to after term-equivalent age is consistent with the beginning of intense myelination post-term (Geng et al. 2012) . Furthermore, the CC was also distinct because of the rate of FA change differing significantly from all other tracts from birth through 2 years of age while reaching its peak growth after 4 years of age.
Laterality effects were subtle in our findings. In the first 2 time windows between preterm and 2 years of age, the rate of FA change in the PCR was significantly higher in the right hemisphere. Between 2 and 4 years of age, the posterior limb of the internal capsule and retrolenticular portion of the internal capsule as well as the superior corona radiata exhibited higher rates of change in the right than the left hemisphere. As illustrated in Figure 4 , the tracts within the right hemisphere had consistently greater rates of FA change than the left, providing additional evidence of laterality effects and possibly earlier right hemispheric development (Chiron et al. 1997 ). We did not find effects of sex in any of the analyses, consistent with other reports (Geng et al. 2012; Kersbergen et al. 2014; Akazawa et al. 2016) . In addition, effects of GA were not found, indicating that differing GAs between 24 and 32 weeks did not have a substantial impact on the rates at which white matter tracts matured in our cohort.
Brain injury, which affects up to 50% of very low birthweight infants, adversely affects white matter development (Volpe 2009 ). Other studies have found associations between white matter abnormalities and altered DTI measures, primarily at term-equivalent age in regions including the thalamic radiation and cortical spinal tract (Counsell et al. 2003; Bassi et al. 2011; Liu et al. 2012; Kersbergen et al. 2015) . In our study, 37% of infants had WMI and approximately 25% had GMH/IVH at birth. Children with WMI exhibited slower changes in FA between preterm and term-equivalent ages in the posterior limb of the internal capsule and retrolenticular portion of the internal capsule. The right posterior thalamic radiation was similarly affected by right-lateralized GMH. This is consistent with the effect of injury severity on DTI values of the left posterior limb of the internal capsule and optic radiation shortly following birth, as WMI was more extensive in the left hemisphere (Pavaine et al. 2015) . Injury identified at birth was not associated with cognitive and motor outcomes, but rather persistent identification of WMI at term-equivalent age was associated with problematic behaviours and impaired executive function in our cohort (Young et al. 2016) .
Longitudinal changes in diffusion measures during the preterm period were associated with long-term outcomes.
Complementary to a previous report of this cohort presenting perinatal deep grey matter growth associations with visualmotor outcomes , we found that white matter maturation was indicative of later cognition. The datadriven, multivariate PLS analyses revealed which combinations of white matter tracts were most correlated with outcomes. Advantages of using this method include more accurate predictions than multiple regression models, more stability in handling corelated variables, and models for multiple dependent measures (Cramer 1993) . We found that slower changes in MD and RD within the left-lateralized internal and external capsule were associated with lower IQ and language scores. These results highlight that deep, medial white matter tracts are most related to long-term outcomes versus more lateral or superficial tracts.
Slower decreases in the rates of MD change found in the PLS analyses, likely driven by RD, may indicate protracted premyelinating and myelinating processes that occur within the affected fibre tracts during the preterm period. Characteristic of typical development, decreasing RD during premyelination corresponds to an increasing presence of oligodendrocytes, water restriction and myelination gliosis (Nossin-Manor et al. 2015) . In the preterm brain, oligodendrocytes are particularly vulnerable and sensitive to oxidative stress (Ferriero and Miller 2010) . Disrupted maturational processes in the internal and external capsule, as suggested by the slowest decreases in MD and RD changes, were found in the children with the lowest IQ and language scores, signifying a potential early biomarker for impaired long-term outcomes, concordant with earlier work (Duerden et al. 2013) . Similarly, thalamo-cortical tracts, the posterior limb of the internal capsule and retrolenticular portion of the internal capsule, which project to sensorimotor, language and visual areas are also adversely affected by term-equivalent age and correlate with cognitive outcomes at 18 months and 2 years of age (Ball et al. 2012 (Ball et al. , 2015 Duerden et al. 2015) . The left-lateralization of our findings supports differing maturation between the 2 hemispheres in fetal life (Kasprian et al. 2008; Dubois et al. 2009; Akazawa et al. 2016) and was related to increased susceptibility to cognitive impairments in our cohort.
There are some limitations to consider in the present study. Differences in diffusion protocols (60 direction vs. 15 direction) and scanners (3 T vs. 1.5 T) between the 4-year time point and the earlier time points may have influenced the data. The number of directions acquired using the 3 T scanner was substantially greater, and thus may be more reliable at this time point. In addition, the number of children who returned for follow-up after the initial time point decreased, with the lowest number at 2 years of age. This was primarily due to the need to use a sedative during the scanning procedure and/or loss of contact. Furthermore, our diffusion imaging cannot thoroughly investigate subcortical white matter due to the extensive crossing of thin fibres, which may be important for neurocognitive development. Our longitudinal sample that included the preterm and term-equivalent diffusion images and 4-year developmental outcomes was relatively small and should be acknowledged while interpreting results. It is nevertheless a unique sample in the literature with longitudinal scanning and follow-up.
In conclusion, white matter maturation developed the most rapidly between birth and 2 years of age in our cohort of children born very preterm. While the patterns of maturation found are similar to what is reported in term-born normative populations, subtle alterations of growth leading to poorer connectivity can have important clinical implications. It is known that white matter microstructure is compromised in children born very preterm, reflected in changes of diffusivity measures. Our study is one of the first to relate early and longitudinal measures of white matter development following very preterm birth to long-term outcomes, offering compelling evidence that early developmental changes are indicative of long-term consequences. Therapeutic targets should therefore be aimed at the earliest stages of development possible.
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